Rubidium-87 gas cell studies, phase 2 by Vanier, J.
3 28502*
SEMI ANNUAL STATUS REPORT
TO THE
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
ON
,87
RUBIDIUM GAS CELL STUDIES
(PHASE II)
NCR 52-133-001
Period covered: August 1, 1972 to March 1, 1973
CASE FILE
COPY
Quantum Electronics Laboratory
Department of Electrical Engineering
Laval University
Quebec, Canada
G1K 7P4
March 1973
https://ntrs.nasa.gov/search.jsp?R=19730017775 2020-03-23T04:07:06+00:00Z
SEMI ANNUAL STATUS REPORT
TO THE
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
ON
87
RUBIDIUM GAS CELL STUDIES
(PHASE II)
NCR 52-133-001
Period covered: August 1, 1972 to March 1, 1973
Quantum Electronics Laboratory
Department of Electrical Engineering
Laval University
Quebec, Canada
G1K 7P4
March 1973
FOREWORD
This is a semi-annual status report relative to the construction
87
of a compact Rubidium maser and its associated electronics, work carried
out in the Quantum Electronics Laboratory of Laval University. The work
is considered to be the second phase of a program design to develop rubi-
dium masers.
Along with this development, some basic work on the rubidium maser
is carried out on a continuous basis in the laboratory. This last type of
work is sponsored by other agencies such as the National Research Council
of Canada and is reported briefly here. Also attached as annexes are
one paper which has been submitted for publication and an abstract of a
paper which will be given at the 27th Annual Frequency Control Symposium
in June 1973.
Jacques VANIER
Professor
(Principal investigator)
INTRODUCTION
The project consists in the development of three systems:
87
a) A compact rubidium maser
b) An electronic control system for the maser itself
c) A superheterodyne receiver capable of locking a crystal
oscillator to the maser signal.
These are the three major tasks that were proposed in our proposal
QE4 entitled "Rb87 Gas Cells Studies" phase II.
Our plans have not been changed and we are in the process of
accomplishing these three tasks.
The present report is short and describes as concisely as possible
the state of construction of the maser. It may not give all the details
of the design of the maser and of the electronics associated with the
masers. However, complete details will be given in the final report of
this project.
STATUS OF THE WORK
The present status of our work can be summarized as follows :
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a) The Rubidium Maser
The schematic diagram of the maser we were planning to construct
and which was shown in our proposal has been somewhat altered. A diagram
of the new design is shown in Figure 1. We kept the original design as
2.
close as possible as far as general layout of parts and size are concerned.
Actually, the only major change has been the introduction of a main alu-
minium cylinder serving as a support for various parts thus eliminating the
necessity of the holding rods. The maser consists of a main manifold
attached to a base and serving as a support for the whole system. The
quartz cavity, the copper cavity bottom plate and the transparent top
plates are attached to this cylinder. The top plunger of .the cavity is
transparent to light and is held in mechanical contact with the cavity
cylinder by beryllium copper springs. The arrangement provides a
certain amount of compensation against temperature fluctuations. The
temperature of the cavity is maintained at the desired value by heaters
wound on the main cylinder. This temperature should be of the order of
60 C. The filter cell is attached to the main cylinder through an alu-
minium ring. The temperature of the filter cell is controlled indepen-
dently of the main cylinder. The attachment ring, however, provides
a cold spot which serves as rubidium reservoir and prevents condensation
of rubidium on the face of the filter. The filter attachment is made
versatile enough to accomodate various sizes of filter cells. The lamps
itself is attached to the main cylinder and consists of seven small cells
driven individually by separate oscillators. We expect to regulate its
temperature with a single control. The whole system is placed inside three
magnetic shields made of moly permalloy.
At the present date, we may report the following :
i) The detailed design of all parts has been completed. The
maser will be 35cm long by 25cm in diameter. The magnetic
shields have been received from the manufacturer and also the
3.
quartz cavity and the quartz bulb. In all, approximately 60%
of the maser parts have been fabricated.
ii) The mechanical parts of the multiple-cell lamp have been cons-
tructed. A breadborad of the oscillators for exciting the lamp
has been constructed and seems to operate well. Four lamps in
the multiple cells arrangement have been operated simulta-
neously. We will add the three other lamps upon receiving the
special condensers required for this operation. The lamp is
probably one of the most critical parts of the maser and its
final assembly will require extra care to keep the equilibrium
temperature of the various sections.
b) Maser Electronics Control
The maser electronics consist essentially of approximately six (6)
thermal control assemblies and one magnetic field control assembly. Construct-
ion of these items has been started. They represent standard items in our
laboratory and they can be fabricated under short notice.
c) Super Heterodyne Receiver
The receiver on which our choice was made is shown in Figure 2.
It is slightly different from the one shown in our proposal. The system
is being constructed with modules. All the items that are available com-
mercially at a moderate price have been ordered and many of them were
received. Two modules create a slight difficulty :
1. The frequency multiplier (X68) is not available commercially.
It is being constructed in our laboratory.
4.
2. Our choice has not yet.been made for the frequency synthesizer.
We may have to build one if it is not available commercially at a moderate
price.
CONCLUSION
Our work is progressing normally. The maser and the electronic
systems are completely designed and the construction is well underway.
We scheduled to complete the whole system approximately by the month of
August 1973. It appears that this is still feasible although we may
have to concentrate special efforts on such items as the X68 frequency
multiplier and the synthesizer.
FIGURE CAPTIONS
87Figure 1 : Compact rubidium maser design
Figure 2 : Superheterodyne receiver for the maser signal
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ANNEX A
Along with these developments we may report some work of a more
fundamental nature being conducted in the laboratory.
1) Vacuum tight cavity•maser : This project is being conducted
a) in order to verify the possibility of obtaining more power
out of a rubidium maser through a higher Q cavity
b) in order to make experiments on a maser operating with
a mixture of buffer gases giving a nearly zero temperature
coefficient.
2) Other experiments are being conducted on the two "quartz cavity -
quartz bulb" type masers. These experiments are of two types.
One consists in looking for the possibility of tuning the maser
cavity at a setting where the frequency of the maser is indepen-
dent of the light intensity. This experiment is progressing extre-
mely well and it has actually been possible, through light modul-
ation, to use an electronic servo-tuning system to tune the maser
cavity automatically. Preliminary results on this aspect of our
work will be presented at the 27th Frequency Control Symposium
in June. The other type of experiments, related closely to the
cavity automatic tuning, consists in the study of the long term
stability of the rubidium maser. This project is in its early
stages and the results will be reported later on.
ANNEX B
LIGHT-SHIFT AND LIGHT-BROADENING IN THE Rb87 MASER
G. Busca, M. Tetu, J. Vanier
This paper has been accepted for publication in the
Canadian Journal of Physics.
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SUMMARY
A description of measurements of light-shift and
87light-broadening parameters for a Rb maser operating between
the field independent levels is reported. A parallel study of
the spectral profile of the DI pumping line is described.
Comparison between the experimental results and theoretical
calculations, taking into account the spatial inhomogeneity
of the pumping light in the absorption cell is presented.
SOMMAIRE
On decrit des mesures de "light-shift" et de "light
broadening" effectuees sur un maser operant entre les niveaux
independents du champ. Une etude parallele du profil spectral
de la raie de pompage DI est decrite. On compare les resul-
tats experimentaux aux resultats theoriques obtenus en tenant
corapte de 1'inhomogeneite spatiale de la lumiere de pompage
dans la cellule d1absorption.
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INTRODUCTION
Light-shift (L.S.) and light-broadening (L.B.) of
atomic lines caused by optical pumping processes are well
known phenomena. Various theoretical approaches (Barrat et
al 1961, Happer et al 1967, Vanier 1969) and some experiment-
al measurements either for passive (Arditi et al 1961, Alek-
seyev et al 1969) or for active devices (Davidovits et al
1966, Bazarov et al 1968) have been published. A rather
complete summary of the knowledge on this subject up to 1971
is found in a review article by W. Happer (1972). Our inte-
rest on L.S. and L.B. comes from the study of the parameters
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wich are important for the frequency stability of the Rb
maser. Short term stability of this maser has been reported
recently somewhere else (Tetu et al 1972). In the present
paper, the emphasis is placed first on studies related to the
cavity tuning problem and secondly on the correlation between
the spectral profile of the pumping light and the frequency
shifts observed in the maser. The first study was accomplished
in order to extract correct results for the L.S. and L.B. para-
meters. The second study allows a comparison between the theory
and the experimental results. Our theoretical calculations show
that the spatial inhomogeneity produced in the maser line by the
inhomogeneous pumping rate, cannot be neglected. We have consi-
dered this phenomenon in some detail and show how it affects the
maser operation.
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2. THEORETICAL BACKGROUND
Expressions for the L.S. and L.B. could be derived
following, for example, the theory of the optical pumping given
by Vanier (1969). Taking into account the linearity of the L.S.
and of the L.B. we may write (Bazarov et al, 1968).
v. = v + a I (1)a o oo
and
where v and Av are respectively the rubidium frequency and
the width of the hyperfine line without the effect of the light.
The intensity of the incident light is represented by the expres-
sion:
J(v) , (3)
where I is the peak value of this intensity and J(v) is
a spectral function normalized to a peak value of 1. The terms
a and $ are factors which depends on the spectrum J(v) of
the pumping light (see section 4). They represent respectively
the shift (a) and the broadening ($) due to the light. From
the equation of the linear cavity pulling of the frequency of a
maser
(4)
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and eqs (1) and (2) we obtain
where Q is the loaded cavity quality factor, Q is the
J6C J6O
line Q without the effect of the light and Av is the cavity
frequency offset. In order to determine experimentally the value
of a and g , the quantities v , Av and I must be
m e . o o
measured directly on an operating maser and experiments must be
made in which the maser frequency is determined as a function of
the cavity pulling. For the measurement of a a cavity tuning
technique for which Av =0 must be devised. For this tuning
condition the maser frequency is independent of light broadening
and depends only, in first approximation, on the L.S. In a more
detailed analysis the frequency shift associated with spin-ex-
change must be considered.
From a practical point of view it is interesting to
know the L.S. and the L.B. corresponding to 1% variation of the
light intensity. We define these quantities as the relative
L.S. and relative L.B. To relate these quantities to the para-
meters a and 3 it is only necessary to know the absolute
value of I
oo
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3. EXPERIMENTAL RESULTS
3.1_ Op_tical_measurements
All the following measurements refer to the D.. line
spectrum. This spectrum was analysed on a Fabry-Perot interfe-
rometer in order to determine the shape, the shift and the peak
value of the maximum intensity of the line as a function of the
filter temperature. This was done in the following- manner. The
lamp-filter arrangement to be studied was placed directly in line
with the Fabry-Perot interferometer. Another lamp, used as refe-
rence, was oriented at 90° to the axis of the interferometer.
The lamps used were typically made of a one inch pyrex bulb fill-
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ed with 2 Torr of Krypton and traces of Rb . The filter was a
cylinder 3 inches in diameter and l|- inch long. A reflecting
blade was placed on the axis of the interferometer and in the
path of the two lamps. This blade was made to rotate slowly with
the help of an intermittent motion gear which permitted to alter-
nate the measurements between the two lamps while the interfero-
meter was scanned. Details about the interferometer have been
given by Missout et al, 1971). Fig. la and Ib give respectively
the frequency displacement and the peak intensity of the pumping
line as a function of the temperature of the filter cell. We can
make the following observations on the results obtained:
B-5.
a) At low filter temperatures, the presence of the partially
removed SA 5 F = 2 *-*• P line of the adjacent order produces
on the recording a displacement of the Si > F = 1 •*->• P line
towards higher energies. Calculations show that the displa-
cement 6 , is given within approximations well realized in
practice by the relation
h -(V - V )
6 = + ~ (v. - v,) exp 5— 4 In2 , (6)
hl X 2 ( Av,,)2
where h , v , Av are respectively the peak value, the
center frequency and the full width of the gaussian line and
indices 1 and 2 refer respectively to the Si , F = 1 •*-+ P
2
pumping line, and to the Si , F = 2 •*-»• P line. Below a fil-
ter temperature T of 50°C, this apparent displacement
r
is of the order of 50 MHz and decreases rapidly at higher
temperatures (less than 10 MHz for T_, = 70°C) . Values
r
given on Fig. la have been corrected for this instrumental
displacement, which otherwise would be interpreted wrongly
as a true shift of the line.
b) In Fig. la interpolation of the experimental points is given
approximatly by a straight line. This is related directly
to the fact that the study is made on a small range of tem-
peratures. Thus, experimentally, the optical displacement
Av turns out to be proportional to the Rb density. This
is easily explained by the following considerations. Dis-
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placement is caused by the unwanted absorption by the Si j F =
QC
2 «-> P line of the Rb vapor. Considering a filter of thickness
H and disregarding any effect of optical pumping inside the
filter the following expression for the displacement is found
(Av )2 -(v - v )2
AVopt = T—2 n(V V£ao(Ve - VexP
 Av2 4 1* 2 (7)
a a
or
AVopt = K n (TF) '
O C
where n is the density of Rb atoms. Index "e" refers to
QT Q C
Rb pumping line and index "a" to the Rb absorption line.
The calculation of Eq. 7 is given in the appendix. Deviations
at higher temperatures from Eq. 8 is probably due to the effect
of increased temperature gradients in the filter.
c) The spectral shape of the pumping line is well approximated
by a gaussian shape with a width approximatly independent of
the filter temperature.
All the results obtained refer to a non self-reversed
lamp; a self-reversed lamp gives completely different results
and an analysis of the data in this case is not practical.
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3^2 Maser_measurements
a) Measuring apparatus and cavity tuning techniques.
Cavity pulling and light-shifts were generally measured
87
by beating the frequency of two Rb masers. The systems utilized
were the same as those used for obtaining the frequency stability
87 ;
of the Rb maser (Tetu M., Busca G. and Vanier J., 1972). The
87
use of one Rb maser as a reference allows very high resolution
in the frequency measurement (fractional frequency deviation for
-13
an averaging time of 1 sec. is of the order of 10 and long term
stability over 1 day is better than 4 x 10 ). Light was varied
either through an iris diaphragm or neutral density filters; the
two methods gave the same results. Fine cavity tuning was accom-
plished through, a small plunger at the bottom of the cavity.
Criteria for tuning of the cavity are now considered. As mention-
ed previously (section 2), L.S. measurements involve the setting
of the cavity at Av = 0 ; the absolute error Aa on the a
value due to an improper cavity tuning by Av is given by
Usual criteria for cavity tuning cannot be used directly in
this context. We have considered the following techniques:
line Q modulation by Zeeman transitions broadening (Vanier,
1969) and maximum power output setting. The first technique,
which is expected to be useful in long term stabilization of
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the maser (Tetu et al, 1972), is not believed to be entirely
appropriate for the present study. This is due to the fact that
we have observed that the tuning condition depends slightly on
the maser power output. Further studies are being made in order
to understand this phenomenon. Consequently we have used the
second method which dictates that the maser is tuned when maximum
power is observed. In the use of this technique we have verified
the independence of the cavity coupling on the fine cavity tuning
and we have checked that the curve of the power output vs cavity
tuning was symmetrical. To determine with high accuracy the
cavity tuning at which the maser power is maximum, the frequency
of the cavity is modulated at a low frequency ( 30 Hz) and syn-
chronous detection of the output power is used through a lock in
amplifier. The sensitivity of the method is better than 500 Hz.
Alternatively an easier method consists in measuring the maximum
in the d.c. output of an envelope detector when the cavity fre-
quency is rapidly scanned; the error in this case is of the order
of "1 KHz.
b) Experimental results for the relative magnitude of the L.S.
and L.B.
A typical example of cavity pulling measurements is
shown in Fig. 2. These measurements refer to a cavity tempera-
ture of 59°C and a filter temperature of 73°C. The measurements
were done either with D, , or with D' + D? lines. From Fig. 2
B-9
we see that a crossing point exists for all the straight lines
representing the cavity pulling. At this point the maser fre-
quency is independent of the light intensity. The amount of
detuning required in order to obtain this condition is easily
deduced from Eq. 5 and is given by
The fact that we obtain approximately the same crossing point by
otpumping either with D, -f D_ or D, lines implies that the -rJ. z i p
ratio is the same for DI + D or D- lines.
In a latter experiment we have checked that at this
crossing point the maser frequency was only slightly changed,
when D, or D + D_ lines were used for pumping. The actual
difference of -4 Hz shown in Fig. 5 was due to an uncontrolled
systematic frequency shift that appeared between the two expe-
riments.
These results are easily explained with the assumption
that the effect of the D line upon the maser oscillation is
in first approximation negligible as supported by the following
additional considerations: oscillation of our masers takes place
by pumping with the D- line alone but not with the D? line
alone; the D? line at the output of the isotopi'c filter con-
tributes only for 30% of the total intensity; the cross section
for the absorption of the D2 line is twice as large as the
:'-
:
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cross section for the D.. line; this means that, at the center of
the absorption cell,the intensity of the D» pumping line is
greatly reduced compared to the intensity of the DI line^due
to the absorption in the first few centimeters of this same cell.
Measurements similar to those given in Fig. 2, analysed with the
help of Eq. 5, as explained previously, allow the extraction of
the parameter a and 6 . Fig. 3 gives the results obtained
in a form which is immediately applicable to frequency stability
considerations. This figure shows the L.S. and L.B. corresponding
to a 1% variation of the incident light in operative condition.
L.S. measurements are shown in Fig. 4'for pumping with
the D- line alone and for a temperature of 59°C. The extra-
polated frequency at zero value of the light intensity is cons-
tant within 4 x 10 . This is of the order of the observed
87long term stability of the Rb maser. Possible error due to
the tuning precision of ±1 KHz turned out to be ±0.05 Hz as
calculated from Eq. 10. The data in Fig. 4 are plotted against
the absolute I value in order to make comparisons with the
oo
theoretical results (see section 4). To determine the absolute
I value for different filter temperatures measurements of
oo
the integrated flux of the D- line where performed through a
calibrated solar cell. Knowing the spectral shape of the D.
line from the recording obtained on the Fabry-Perot interfero-
meter, the peak intensity I was calculated.
B- 11.
The value of 3 is not easily measured for each filter temperature
because the intensity of the D.. line at the output of the inter-
ference filter was not sufficient at high filter temperatures to
obtain a maximum in the power output. Thus, the range of light
variation wich allows maser oscillation was very narrow. We found,
however, approximatly the same value for 3 with excitation either
with the DI or with the D.. 4- D2 lines at the intensity for
which the measurements could be done. Fig. 3 gives the results
for the relative L.B. when D.. 4 D» lines are used at a cavity
temperature of 59°C.
4. COMPUTER CALCULATIONS
A theoretical expression for the parameters a and 3
can be derived from previous work by Barrat et al (1961) and
by Vanier (1969). In this analysis we neglect the small contri-
bution of the tensor light-shift since the Zeeman L.S. and the
light shift due to real transitions are ineffective (Mathur et
al, 1968). From the results of these authors and after averag-
ing over the doppler broadened distribution of the absorption
line, we obtain the following expressions for the L.S. parameter
a =
ao '*" - * (v - v )
2
a o
2TT2
~°° / ^2 ("va(v-va) T I ^r->
exp -- - — 4 In2 dvdv ,
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where .v is the line center frequency of a given class of atoms,
3.
V is the line center frequency of the doppler broadened line,
Av is the natural line width, Av the doppler width and a
a o o
the absorption cross section. A similar expression can be derived
for the L.B. parameter $
(v - v )2aJ(v)exp r— 4 In 2 dv . (12)0
_o
2TT
3 is related to the pumping rate defined by the expression
In the case of the Rb maser, where I(v) is a function of the
coordinates in the storage bulb, these integral can be evaluated
only in a numerical way. L.S. and L.B. are functions of the
position into the absorption cell and inhomogenous broadening of
the maser line takes place. In fact, the buffer gas inhibits
practically all movement of the Rb atoms. This situation is
quite different from that encountered in the H maser where
atoms move freely and average out the spatial inhomogeneity of
the r.f. field. Calculations related to the inhomogenous pumping
rate T have been published (Tessier et al, 1971). The present
paper extends the calculation to the light shift parameter.
Considering cylindrical coordinates and taking the origin of z
at the top of the cavity and the light propagation in the dl-
••""•'
 :
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•^v.r-' ' :' •'• •*•'"•• ' " ' . - • • .
rection of z the power emitted by the atoms in the element
dV at position (z, r) has the spectral shape given by
(Tessier et al, 1971, Vanier 1971).
dP = nhvdV
-, - 5 - 5- ,
) (o>-w'r + (l-rB)4BZ
J
 (14)
where w' = 2ir(v f al ). To determine P(z, r) one must
o oo
know the function F(z, r) and w1 = u'(z, r) . By integrating
expression 14 over the cavity volume one obtains the spectral
power distribution of the inhomogeneously, broadened line. Maser
oscillation takes place at the frequency where maximum gain is
obtained.
The determination of T and 0)' requires the know-
ledge of the spectral distribution of I(v, z, r) = I J(v, z, r) .
We assume for z = 0 a spectral distribution independent of r
-(v - v )2
J(V, o, r) = exp - 1 — 4 In 2 . (15)
The pumping rate F at z = 0 is easily calculated from Eq. 13
(TOO I(v)a (v) dv . (16)
-oo
The light shift is calculated form Eq. 11. The law of attenua-
tion of the light is (Tessier et al, 1971)
dl(v, z, r) = -n(z, r) a(v) I(v, z, r)dz , (17)
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where n(z, r) is the number of atoms per unit volume wich absorb
the pumping light and is expressed by
. ,
 3Vl 8no _ 2BFA _
"
 5r
 *
 8Y 5r
 *
 8Y
 ' '
2
 - rB)432
(18)
In first approximation we can neglect the second term in Eq. 18.
In fact, its contribution is small. I(v, z, r) and F in this
case are independent of r . From a knowledge of T , I(v, z)
can be evaluated by the following iterative method. The cell is
divided vertically in N layers; within each layer, F and n
are considered to be constant. For the 1st layer one takes the
value F for F(z) and from Eq. 18 one calculates n . Using
Eq. 17 one computes the spectral profile of the exictation at the
exit of the 1st layer and this determines a new F and w' .
This new value of F is used to calculate "n" for the second
layer and so on. Fig. 5 gives one example of the computer calcu-
lation for the light shift (al ) and F vs z ; the spectral
profile of the pumping light is shown in Fig. 6-- Values of
typical parameters which have been used are given in table 1.
TABLE 1
Physical parameters used to calculate F and a)'
a = 2.1011 cm2 Av = 500 MHz
o a
V -V = 300 MHz F = 1000
e a o
AV = 1000 MHz N = 20
e
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On the one hand?the light shift tends to increase with Z
because the displacement and asymmetry of the pumping line in-
crease with Z . On the ether hand,the light shift tends to
decrease with Z because the peak value of I decreases
oo
with Z . One observes that if there exist a non coincidence
between the pumping line maximum and the absorption line maximum,
the displacement and asymmetry increases with Z very rapidly
until a saturation limit is reached. Thus,the actual spectrum
responsible for the observed light shift (spectrum near the
center of the cavity) is very different from that shown at 2 = 0.
For this reason, theories wich do not take into account the spa-
tial inhomogeneity of the pumping light (Davidovits et al, 1966,
Alekseyev et al, 1970) represent a crude approximation of the
physical situation.
All the parameters of Eq. 14 being known, the integration
over the cavity volume can be performed. One obtains the spectral
power distribution and in particular the frequency of oscillation,
the width and symmetry properties of the hyperfine line. By
varying the light incident on the cell (I value) for a given
spectral distribution (determined by the isotopic filter tempera-
tureX, different oscillation frequencies and line width are obtain-
ed. Figure 7 give these results. One example of the
asymmetry of the line is also given • The values a
and 8 are the slopes of the curves shown in Fig. 7. These
slopes are not constant over the whole range of I values.
oo
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The following comments can be added in relation to the
above calculations:
a) even if the L.S. is a rapidly varying function of Z the
region near the center of the cavity determines the oscillation
frequency. In fact, integration of Eq. 14 is roughly equivalent
to averaging the contribution of each layer by a function like
2 z
sin TT y . This is due to the form of the r.f. field whose confi-
A/
guration is controlled by the mode used in the cavity, which in our
case Is TE 021.
b) Deviations of the light shift vs light intensity from a
straight line are visible in fig. 7 . Unfortunatly this was not
observed experimentally because the maser oscillates only in a
narrow range of light intensity.
c) As shown on fig. 7 the asymmetry in the hyperfine line
profile is evident but not too important.
5. COMPARISON OF THE CALCULATIONS WITH EXPERIMENTAL RESULTS
3
The experimental values of I range from 50 x 10
to 200 x 10 —P Ot . These limits were also evaluated
cm sec. Ez
from a direct measurement of the pumping rates on the maser
through the method described by Vanier (1968). Calculated rela-
tive values of a and $ agree well with the experimental values.
However the calculated absolute values are only in the correct
order of magnitude and a normalization of the theoretical values
must be made in order to obtain agreement with the experimental
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data. The experimental values for a and 3 , deduced from the
results given in Fig. 3 and 4, for a cavity temperature of.59°C
are shown in Fig. 8. In the case of the parameter 3 we make
the assumption that the effect of the D- line was negligible. The
theoretical values of a and 3 are shown in Fig. 8. They are
the slopes of the curves given in Fig. 7, the slopes being measured
within the actual range of I values. In this range the slopes
3
are approximatly constant. Typically, for I = 100 x 10 and
V - v = 200 MHz the experimental L.S. is ~5 Hz compared to a
calculated value of 15 Hz and the calculated absolute value of
3 is greather than the experimental value by a factor of 2.
6. CONCLUSION
87L.S. and L.B. in the Rb maser have been measured in
operative conditions. The experimental values of a and 3
have been compared with the calculated values. The agreement
is found to be only satisfactory. Computer calculations show
that the maser line is slightly inhomogeneously broadened. These
calculations also show that the L.S. and the L.B. are linear
functions of the light intensity in the actual range of operation
of the maser.
The results obtained give useful information about the
influence of the light intensity on the frequency stability of
the maser and can also be used for the actual design of a maser
with improved frequency stability. This is because, one can
B-18.
choose between various criteria for the cavity tuning. In parti-
cular the frequency of the maser could be made independent of the
light intensity by a proper tuning of the cavity.
B-19.
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FIGURES CAPTIONS
1) a) Shift of the D^ line versus filter temperatures.
b) Intensity of the D.. line versus filter temperatures.
2) Typical cavity pulling measurements.
3) Relative L.S. and L.B. versus filter temperatures.
4) Light-shift measurements in the case of the D, pumping line.
5) Calculated light-shift and pumping rate T versus the pene-
tration depth in the absorption cell.
6) Calculated spectral behaviour of the pumping line at different
penetration depths.
7) Calculated maser light-shift and line width versus light inten-
sity. A typical example of the calculated inhomogeneous hyper-
fine line.
8) Comparison between the experimental and calculated values of
the a and 3 parameters.
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APPENDIX
We suppose that the pumping line incident on the iso-
topic filter has a gaussian shape given by
-(v - v )2
I(v) = I exp — 4 In 2 . (1)
Taking the light propagation in the direction of Z. the atte-
nuation law is
dl(v, Z f dZ) = -I(v, Z) na(v)Z.dZ , (2)
where a(v) is the cross section for absorption and n is the
85density of the Rb atoms. We suppose that 0(v) has a gaussian
shape given by
-(v - v )2
a(v) = aQ exp £ 4 In 2 . (3)
Av
a
Assuming n independent of Z Eq. 2 is readily integrated and
yields
I(v, Z) = I exp
(v-V )2 (V-v )*
SL4 In 2 - nZ a exp — 4 In 2
a
(4)
The previous hypothesis means that we neglect the possible effect
of the optical pumping inside the filter.
We want to obtain the frequency V of the maximum
of I(v, £) , H being the filter thickness.
BA-2
By derivation of Eq. 5 we obtain for v
. m
2(v - v ) v - v (v - v )
m e _ m a m a . , _ . .
i"\ lit-t \J A t-^ kj/ f*
Av Av Av
e a a
We write for v the expression
v = v •*• Av ' . (6)
m e opt N
Solution of Eq. 5 is done with the approximation that the displa
cement Av is negligible compared to v - V . This appro-
O p t 6 3
ximation corresponds to the actual experimental situation. From
Eq. 5 one obtains
Av -(v - v )2
AVopt = (A^T > n(TF)too (Ve - V
which is Eq. 7 of section 3.1.
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CAVITY TUNING AND LIGHT-SHIFT IN THE Rb MASER
G. Busca, M. Tetu and J. Vanier
Thi's paper will be presented at the 27th Frequency
Control Symposium in June 1973 at Atlantic City.
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87
A new method for automatic cavity tuning of the Rb maser is
proposed.
The following theoretical relationship accounting for the light-
shift, cavity pulling and spin-exchange phenomena is deduced :
m 0 00 v_ c
_ c
where v is the maser output frequency, VQ and AvQ are respectively
the rubidium frequency and the width of the hyperfine line without the
effect of the light, Q is the loaded cavity quality factor, C is a
JGC
constant related to spin-exchange shift, Av is the cavity offset, a
and 3 are factors depending on the normalized pumping line shape and
IOQ is the peak value of the line. The factors a and 3 represent
respectively the light-shift and the light-broadening of. the atomic energy
levels due to the pumping light. Equation (1) shows the existence of a
cavity setting for which the maser frequency is independent of the light
intensity (named here LjLght Independent Frequency getting). To obtain
a LIFS, the cavity must be detuned by an amount Av given by :
20 „
*c . „ 2a ,_,.
— ^-C.-^ (2)
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In order to obtain sufficiently good short term stability at the
LIFS, Av must be kept at a minimum value. This corresponds to a minimum
isotopic filter temperature which is a requirement opposite to the optimum
filter efficiency condition. In our case, a good compromise is obtained
experimentally for an isotopic filter temperature of 64 C and cavity
temperature of 68°C. The output power at the LIFS is a few percent below
the maximum output power. The experimental results obtained are in good
agreement with equation (1). At the LIFS, the maser frequency variations
-12
are contained within 5 x 10 over the whole range of the light intens-
ity. The previous results allow to use the LIFS as a method for an automatic
cavity tuning, in which the parameter to be varied is the light-intensity
and the error signal is the maser frequency variation.
The great advantage of the LIFS technique is the independence of
the maser frequency from the light intensity. Some preliminary results
obtained by using a closed loop feedback electronic system for tuning
the cavity are presented.
